Estimating tree fruit production is important for various purposes; however, no consensus has been established on which method is appropriate over different tree species. Here the aim of this study was to assess whether the tree crop size of taxa with different fruit morphology could be accurately estimated using the visual survey method (VSM), taking into consideration errors due to the participation of different observers. Eight main tree species of temperate deciduous forests of Japan were used. Using a hierarchical Bayesian framework, the model parameters were estimated to convert the number of fruits counted by VSM to the fallen fruit density. The estimated model had a high accuracy for seven of the eight tree species. The trees of the outlier species had the smallest diameter and height, presumably resulting in false-positive errors. The model could be easily generalized for other species that were not tested in this study by adjusting the model parameters to the size of the unit used in the visual survey. The bias caused by errors depending on the observer (likely false-negatives) was not substantial. Thus, the generalized VSM proposed in this study should be useful to accurately estimate the crop size across various tree taxa with low workload.
Introduction
Estimating the trees fruit production is important for various purposes, such as understanding the reproductive strategies of trees, conserving frugivorous wildlife populations, and facilitating forest regeneration (Koenig et al., 1994; Noyce & Coy, 1990; Tsuji et al., 2006; Nakajima, 2015) . Estimation methods need to be suitable from a quantitative (cost) and qualitative (precision) perspective (Giovanni et al., 2009) . For instance, an ordered categorical index assessed visually provided a rough estimation (Perry & Thill, 1999) , but it could be conducted at low cost and could provide sufficient information in certain situations Nakajima, 2015) . However, when quantitative data on fruit production are needed, such as a measure of wildlife food availability, it is preferable to estimate absolute values, such as mass or energy per unit area, for the forest's main species. For this purpose, the visual survey method (VSM) proposed by Koenig et al. (1994) is appropriate. It consists of scanning a portion of a tree crown using a binocular, and counting as many apparently viable acorns as possible within 15 s. Past studies demonstrated that, after the number of acorns counted by the two observers was summed, the sum had a high correlation with the density of fallen acorns of Quercuslobata, Q. douglassi and Q. agrifolia (Koenig et al., 1994) , Q. alba (Perry &Thill, 1999) , Q. ilex spp. ballota (Carevic et al., 2014) , and Fagus sylvatica (Giovanni et al., 2009 ). Perry & Thill (1999) suggested that this method was preferable over other simple methods (e.g., categorical ratings) because it was probably less affected by observer bias. However, Masaki & Abe (2008) suggested that variations among observers were not negligible. Furthermore, as the studies cited above applied the method only to oaks and beeches, it was unknown whether the method was general and versatile over a wide range of tree taxa.
In this study, VSM was applied with multiple tree taxa, having various fruit and infructescence morphologies. The main tree species of temperate deciduous forests of Japan were selected, which provided fruits for the wildlife (Koike & Masaki, 2008; Masaki et al., 2012; Nakajima et al., 2012) . The total crop size can be easily obtained after assessing the crop density of a tree (fallen seeds per unit area), and multiplying it by the crown projection area, which can be estimated from the stem diameter (Gill et al., 2000; Bechtold, 2003; Condés & Sterba, 2005) . It was further aimed to develop a method to eliminate errors caused by variation among observers. Correcting observation bias is important when tree crop densities are monitored over a long period, or over a large area, because different observers are inevitably engaged in the surveys.
The aim of this study was to assess whether the fallen fruit density per unit area could be accurately estimated using VSM across multiple tree taxa by multiple observers. It was then attempted to generalize this method for application over other species untested in this study.
Field Methods

Study Site
Our research was conducted at two study sites. The first was the Ogawa Forest Reserve, located in the northern part of the Ibaraki Prefecture (36˚56'N, 140˚35'E, 600 -650 m a.s.l.), hereafter denoted as Ogawa. This 100 ha reserve is an old-growth temperate deciduous forest located in the southern end of the Abukuma Mountains (Nakashizuka & Matsumoto, 2002) . This forest is dominated by Q. serrata (Masaki et al., 1992) . The second study area was the Ashio-Nikko Mountains, located across Tochigi and Gunma prefectures (36˚41'N, 139˚27'E, 700 -2100 m a.s.l.), hereafter denoted as Ashio. The deciduous broad-leaved forests here mainly consist of Q. crispula and Castanea crenata (Nakajima et al., 2012) . During 2007 During -2009 trees of eight tree species were surveyed on the field: three Fagaceae species (Ca. crenata, Q. crispula, and Q. serrata), three Rosaceae species (Prunus verecunda, P. grayana, and Sorbus commixta) , one Cornaceae species (Cornus controversa), and one Araliaceae species (Gamblea innovans). The observation units, counted using binoculars, differed between species: a fruit for Q. serrata, Q. crispula, and P. verecunda; an infructescence for P. grayana, S. commixta, Co. controversa, and G. innovans; and a cupule for Ca. crenata. Hereafter, these observation units were called as "fruits" for convenience.
Studied Species
To examine the difficulty in finding a unit, the width of the abovementioned units were obtained in the literature (Kitamura & Murata, 1971 , 1979 Mogi et al., 2000; Satake et al., 1999a Satake et al., , 1999b . Because the width of Ca. crenata cupules was not found in the literature, mature undehisced cupules were randomly sampled (n = 10), under a conspecific adult tree in Ogawa, on October 8, 2012, and their width was measured using a caliper. Table 1 summarizes the studied species, with the number and size of the sampled trees, location, year, and width of the observation units.
Visual Survey Using Binoculars
Eleven observers participated in the fruit counting using binoculars: five professional researchers, including T. Masaki, the main author of this manuscript, and S. Koike, the co-author; three graduate students, including A. Nakajima, the main author of this manuscript; and three undergraduate students. Each of the 45 trees was assessed when its fruits were considered ripe in terms of color and size. Observers stood outside the edge of the tree crown, scanned the crown using binoculars, and counted the number of fruits using tally counters and cooking timers. The crowns of Q. crispula and Q. serrata, which have a large area relative to fruit size, were scanned for 30 s to reduce false-negative errors. The other six species, which have relatively smaller crown areas and/or have more easily visible fruits, were scanned for 10 s or 15 s to reduce false-positive errors. Two to four observers counted each focal tree three to five times. The combination of observers was randomly shuffled approximately every five trees.
Seed Trap Survey
On the same day the visual survey of a tree took place, seed traps with an opening size of 0.5 m 2 were set beneath the scanned tree crown. To take into account the different tree crown area sizes, three traps were set for P. verecunda, Co. controversa, Q. crispula, and Q. serrata, while two traps were set for P. grayana, G. innovans, and S. commixta. After all the fruits had fallen (mostly by mid-December), the trap contents were retrieved. After sorting the contents, the number of Q. crispula and Q. serrata cupules and P. verecunda pedicels were counted, instead of the fruits. This was necessary to avoid underestimating or overestimating the number of fallen fruits, because fruits may be removed from the crown by birds, or fruits transported from other mother trees may be included in the traps also by birds. For P. grayana, Co. controversa, G. innovans, and S. commixta, the number of peduncles were counted. For Ca. crenata, three 0.5 m 2 frames were randomly placed on the ground beneath the crown and counted the number of cupules inside the frame after all the cupules had fallen.
Analysis
Models and Inference
A simple power function was assumed between fruit density (i.e., the number of fallen fruits per m 2 ) (F) and the counts using binoculars, per observer and per unit of time (1 s
The value of parameter a indicates the difficulty in finding a fruit, and the value of parameter b roughly indicates the three-dimensional distribution pattern of fruits within a crown. Log-transformation of this equation with indicators produces the following: Table 1 . List of studied species, with mean diameter at breast height (DBH) and its standard deviation in parentheses, approximate height, number of samples, study site, study year, observation unit, and its mean width (range in parentheses). ) per observer scanning the tree using a binocular. Their quantities are unknown. The a j and b j parameters for species j are also unknown.
The number of fruits found in a trap, and the counts per observer, are modeled using the Poisson distribution:
where T i,t is the number of fruits retrieved from t-th trap set beneath the i-th tree, A i,t is the area of the trap or fame used, C i,k is the counts by the observer k for the tree, and S i is the length of time (s) scanning the tree.
To estimate the parameters log a j and b j , a hierarchical Bayesian framework was used. The distributions of these parameters were modeled using hyper-parameters as follows:
The noninformative priors for these parameters were provided by a uniform distribution: from 0 to 100 for â and b , and from 0 to 10,000 for (1) to (5) is denoted as Model A. Following this, Model A was expanded to include observation errors depending on the observers. First, a relative value for each observer was evaluated. The value for the standard observer (A. Nakajima) was fixed at zero, whereas the values for the other observers were assumed to vary around zero. Thus, an observer finding more fruits (caused by a superior ability to find fruits or by false-positive errors resulting from an inferior ability) will get more counts than other observers and vice-versa. Based on this assumption, a supplemental equation was provided as follows:
where O k is the unique value for observer k, and E i is the expected number of counts for the i-th tree by the standard observer. Both of these parameters are unknown. The noninformative prior of E i was assumed as a uniform distribution ranging from 0 to 1,000, and that of O k was a normal distribution with mean = 0 and standard deviation = 10,000. The equation (3) of Model A was then expanded to include the variation among observers:
where ˆk O is the mean of the posterior estimated for O k . The model composed by the Equations (1), (2), and (4) to (7) is denoted as Model B, which takes into consideration the observer's errors when counting the fruits.
To estimate the parameters of Models A and B, the MCMC method was used with Win BUGS ver. 1.4.3 (Spiegelhalter et al., 2003) . After several trials, the number of iterations was set to 55,000, and the first 5000 steps were discarded as burn-in. The remaining 50,000 steps were sampled every 10 steps (for a total of 5000 samplings) to generate a posterior distribution of each parameter. MCMC was conducted three times with randomly generated initial values for the parameters set for each chain. Based on visual assessments of the three chains, MCMC converged well and the Gelman-Rubin diagnostic for convergence assessment (Gelman et al., 2003) ranged from 1.00 to 1.08.
To check whether considering observer errors improves the accuracy of the model, the expected values relative to the observed values were compared. Using the expected ( e m , the calculated , 
Model Validation
The robustness of the inferred models was tested as follows: In the MCMC procedure, one tree in the data set was excluded from the analysis, and the parameters were estimated using the data of the remaining 44 trees. By applying the estimated parameters corresponding to the species of the unused tree, the expected fallen fruit density of the tree was calculated and compared with the value observed using the seed traps. When calculating the expected value, parameters a and b were randomly generated 10,000 times by referring to their posteriors, and the mean and 95% percentiles of 10,000 calculated values were used as the expected fruit density. The observed fallen fruit density was also represented using the mean and 95% percentiles, assuming that the numbers in the traps followed a Poisson distribution. If the 95% percentiles of the expected and observed values overlapped, the inferred model was considered robust. This procedure was implemented for each of the 45 trees.
Results
The number of counts/s, using binoculars, for 45 trees (8 species) by the 11 observers (a few observers per tree) provided 535 values with a mean of 0.65 counts/s ranging from 0.0 to 3.2 counts/s. The estimated values for ( )
O varied between 0.6 and 1.1 (Figure 1) , with two observers having significantly lower values than the standard observer. The proportions of estimation error were not statistically different between Models A and B (P = 0.67). Based on this finding, only the results for Model A, which is simpler, are presented hereafter.
The studied species were roughly categorized into two groups, based on the estimated values of the two parameters, particularly a (Figure 2 and Table 2 ). Quercus and Prunus species had high a values (80 -200), whereas the other species had less than 20. The estimated values of parameter b varied around 1.0 with an exceptionally greater value (approximately 2) for S. commixta. The estimated a values were highly correlated with the width of the observation unit (Figure 3) . On the other hand, no significant correlation was found between b and the width of the observation unit. Figure 4 shows the fitted results for Model A. All species, except S. commixta, appeared well-fit to the expected values. The validation also suggested that the estimated models were mostly robust, except for S. commixta ( Figure 5) : four of the six trees of S. commixta had significantly large differences between the expected and observed values. Some trees of Q. crispula also showed a significant difference for the lower range of fallen seed density. The other species showed more similar expected and observed values with insignificant differences. Table 1 ). Vertical bars represent 95% credible intervals of the posteriors, and horizontal bars represent the range of unit width. The curve shows the fitted power function. For each species, 10,000 pairs of a and b values were randomly generated by referring to their posteriors, and the fruit density was calculated for each value along the x-axis, ranging from 0 to the specific maximum number of counts (1000 division). Dashed lines and vertical bars represent 95% confidence intervals of the estimated and observed fallen fruit density, respectively.
Discussion
This study provides three main findings. First, the number of fruits (or cupules and infructescences) per unit crown projection area of a tree can be accurately estimated by VSM, across multiple taxa, using species-specific parameters. Second, the species-specific parameter a decreases as a negative power function of the size of the unit to be observed. Using this relationship, VSM can be used for any tree taxa after examining their unit size. Third, the variation among observers did not substantially diminish the precision of the estimates. In the subsequent text, these findings were discussed in the context of using this method in the field.
Figure 5.
Comparison between the expected and observed fallen fruit density. The dashed line shows the isoline. A larger symbol suggests that there is no significant difference between the expected and observed densities, and a smaller symbol suggests that they differ significantly. See Table 1 for abbreviations of species. Figure 4 shows that the density of fruits (or cupules and infructescences) was estimated with reliable precision by VSM. For the seven species other than S. commixta, the predicted values fitted well with the observed values, almost as in a linear function. This is in accordance with the results obtained in previous studies with Fagaceae (Koenig et al., 1994; Perry & Thill, 1999; Giovanni et al., 2009) .
The crown area of a tree can be estimated from its diameter, or basal area, using a species-specific power function (see Appendix). Even in the case where the specific relationship between diameter and crown area is unknown, ecological or taxonomical information about the species may be helpful. A previous study revealed a correlation between shade tolerance and the power coefficient associated with diameter at breast height (DBH), when estimating the crown width (Russell & Weiskittel, 2011) . Therefore, parameters of the power function of a species' crown size-diameter relationship may be inferred based on the tree shade tolerance class. More specifically, Gering & May (1995) grouped trees as coniferous or hardwood and developed group-specific equations for estimating tree crown width using DBH.
VSM developed in this study can be generalized and applied to any species. The parameter a, which indicates the difficulty in finding a fruit, was clearly negatively associated with the width of the observation unit (Figure  3) , and well regressed using the power function 1.26 219.6 y x − = . Therefore, for a species with unknown a parameter, a can be easily derived using this function if the width of the observation unit is obtained.
In this study, parameter b had values around 1.0. Previous studies also found similar relationships between the number of fruits counted by VSM and the fallen seed density measured using seed traps (Koenig et al., 1994; Perry & Thill, 1999; Giovanni et al., 2009) . The value 1.0 for parameter b should have versatility. Therefore, when the species' b values are unknown, it is recommended to use 1.0. On the other hand, the estimated b values varied between 0.62 and 1.47 among the species (except for S. commixta). Although any causes were identified for this interspecific variation, the bias due to this variation was not considered relevant, as explained below. In this study, the maximum number of counts/s was 3.2. Assuming that a is set to 30 (average value; see Figure 2 ), and b is set to0.62, 1.47, or 1.0, the fallen fruit densities corresponding to the count number of 3.2 would be 61.7, 165.8, and 96.0, respectively. The biases relative to the calculation with b = 1.0 are neither more than twofold (1.73) nor less than half (0.64).
It was also shown that any errors due to the observers did not cause a serious bias in the estimation with VSM. Of the 11 observers who participated in VSM of this study, only two showed significantly lower k O values than the others, which suggested false-negative errors in their observations. As they were a minority, their errors should get diluted among the others. In this way, the generalized VSM is fundamentally robust and minimally affected by observation errors (Perry & Thill, 1999) . Nonetheless, if one wishes to correct any biases, VSM needs to be conducted with Model B, by a pair or group of observers with random shuffling, to detect variations among observers. Of course, prior training of observers will also be an effective alternative.
Among the species examined in this study, only S. commixta appeared as an outlier (Figures 2-4) . The size (mean DBH and height) of this species' sample trees was the smallest among those examined in this study ( Table 1) . Such a low tree height may not be suitable for VSM because the visible area in a binocular becomes narrow and likely results in false-positive errors. The data for S. commixta in Figure 4 show that the fruiting density was almost zero even when the number of counts was moderate; this is an evidence of a false-positive error. Therefore, VSM may not be a good method to estimate the crop size of small size trees.
Conclusion
For the sustainable management of natural forests, it is crucial to estimate the tree crop size prior to regeneration treatments. From the perspective of wildlife management, it is essential for better management to estimate fruit production across various species, and over a wide range of habitat, as early as possible (Inman & Pelton, 2002; Nakajima, 2015) . Under these needs, the generalized VSM presented in this study has advantages in terms of low workload as well as precision and robustness.
Appendix: Basal Area-Crown Area Relationships
The basal area (BA) and tree crown area (CA) of 41 of the 45 trees in this study (some missing data for Quercus crispula and Castanea crenata) were measured. BA was used instead of diameter because some trees had multi-stems, and summed BAs of constituent stems were better representatives of individuals. The BA of each stem was calculated from the girth of the tree trunk at 1.2-m height, measured to the nearest 0.1 cm. The CA of an individual tree was estimated by measuring the radius of the crown in eight directions and calculating the crown area as an octagon. The compass direction of one radius was randomly selected, and the second was computed at 45° to the first, and so on. Each radius was measured to the nearest 0.1 m. Then, the following equation was set: σ . MCMC was implemented in 11,000 steps, and the first 1,000 steps were abandoned as burn-in.
The estimated results are summarized in Table 1A . The fitting result shown in Figure 1A suggests that specific power functions are useful to estimate crown projection areas from the basal area. 
